ABSTRACT: Carbon deposits obtained by the pyrolysis of cyclohexene and of glucose in the pores of porous monoliths of alumina and Y-modified zirconia consist of randomly distributed insulated islands. This explains their relatively low electric conductance. A tesselation method was applied to quantify the distribution of carbon deposits in the ceramic matrix.
INTRODUCTION
The decomposition of organic compounds in the presence of high-surface-area ceramic materials results in carbon deposits of various morphologies. This process has long been studied in the context of the poisoning of catalysts by coke formation on their surfaces (Bruckner et al. 1999; Eberly et al. 1966; Pasieczna et al. 2004) . More recently, carbon-ceramic composites were proposed as new functional materials which combine the features of their components (Gunko et al. 2000; Kosmulski et al. 2007; Leboda et al. 2001) . Ultimately, the carbon deposits can be separated from the catalysts' surfaces and used as a separate product, e.g. in the form of nanotubes (Lysenkov et al. 2007; Piedigrosso et al. 2000) . Physical methods which have been used to study such carbon deposits include thermogravimetric analysis (Gunko et al. 2000; Kosmulski et al. 2007 ; Leboda et al. 2001) , low-temperature nitrogen adsorption (Gunko et al. 2000; Kosmulski et al. 2007; Leboda et al. 2001) and IR spectroscopy (Eberly et al. 1966; Pasieczna et al. 2004 ). The results obtained by means of these methods can be easily quantified. In contrast, those obtained by electron microscopy (Gunko et al. 2000) are usually only capable of qualitative rather than quantitative interpretation. In the present study, we present a semi-automatized method of analysis of SEM images of carbon-ceramic composites.
The figures used in the present paper to illustrate the principle of the method were obtained for only one of the specimens studied. The detailed description of that specimen (Al 2 O 3 A C ) follows. Bright spots in the SEM image indicate the presence of carbon deposits [ Figure 1 (a)] and standard computer software was used to digitize the image [ Figure 1(b) ]. The method presented below was originally designed for flat polished sections (Rozniatowski et al. 2001 (Rozniatowski et al. , 2006a Schwarz and Exner 1983; Watson 1981; Wojnar et al. 2002) . The fractures studied in the present work were less even, with the results being sensitive to the structure of the fracture which was unpredictable and irreproducible. Thus, the results reported here were less reproducible than those obtained for polished flat sections.
In the present method, each piece of carbon deposit (bright spot in the original image or black spot in the digitized negative) is associated with the surrounding zone (Figure 2 ), further referred to as an influence zone. The collection of 2D or 3D figures which completely fill the surface or the space, respectively, without gaps or overlaps is termed tesselation. In the present study, we have limited ourselves to 2D analysis only. Obviously in certain types of 3D distributions, 2D analysis will provide representative information whilst, in other types of 3D distributions, 2D information will be useless or even misleading. Full reconstruction of the 3D distribution based on a series of 2D distributions or an analysis of the relationship between 3D and 2D distributions is beyond the scope of the present preliminary study.
The results of computer-aided Voronoi's tesselation (in the influence zone the distance to the central point of that specific zone is shorter than to the central point of any other zone) are presented in Figure 2 . When the deposits occupy only small fractions of their influence zones, each deposit can be represented as a point in its centre of mass, and the influence zones assume a polygonal shape. SKIZ (skeletonization of influence zones) tesselation produces similar distributions of influence zones as Voronoi's tesselation (Watson 1981) unless the carbon deposits are oblong. Table 1 ). Only the zones entirely embraced by the frame are taken into account, and the others have been rejected.
Once the tesselation is complete, a physical quantity, q, is determined for each zone. In the present study, we were interested in the distribution of the surface area, A, of the influence zones, but other quantities (circumference, number of vertices) can be subjected to similar analysis.
Quantitative analysis of the quantity q is based on the HP(q) factor, defined as the ratio of the standard deviation of q to its average value. HP(q) is equivalent to the coefficient of variation of q. For a uniform distribution of the plane or space elements (e.g. a floor paved with identical tiles or a wall built of identical bricks), HP is equal to zero. Low values of HP represent uniform distributions of influence zones. Wejrzanowski et al. (2001) proposed the following classification: HP in the range 0-0.3 corresponds to a regular distribution, HP in the range 0.3-0.8 corresponds to a random distribution while HP > 0.8 indicates the presence of clusters.
EXPERIMENTAL
Four specimens of composite material were prepared by Drs. Roman Leboda and Jadwiga Skubiszewska-Zię ba at Maria-Curie Sklodowska University, Lublin, by carbonization of different carbon precursors (glucose, cyclohexene) in porous ceramic monoliths prepared by Dr. Mikolaj Szafran at Warsaw University of Technology. The symbol employed below for a given specimen consists of the chemical formula of the ceramic material (which is the main component) with a subscript indicating the carbon precursor (Cyclohexene or Glucose). The subscript C-C denotes that a carbon-pre-coated composite was subjected to a second cycle of coating. Details regarding the preparation of the various specimens studied here may be found elsewhere (Kosmulski et al. 2007) . Their properties are summarized in Table 1 . These properties are presented merely to characterize the specimens and should not be expected to correlate with the HP parameter. However, the a priori exclusion of some degree of correlation should be avoided. A fracture was obtained via the mechanical breakage of monolithic disks of ca. 2 mm thickness × ca. 17 mm diameter. A Hitachi S-2600N scanning electron microscope was used for observations in the secondary electron mode. The magnification employed ranged from 100× to 5000×. Digital analysis of the images was performed using the MicroMeter 0.99b computer program designed by Dr. T. Wejrzanowski at Warsaw University of Technology.
RESULTS AND DISCUSSION
The physical properties of the ceramic matrices and of the composite materials were studied by means of thermogravimetric analysis and low-temperature nitrogen adsorption (Kosmulski et al. 2007 ). The specific surface areas reported in Table 1 were measured in the previous study for different specimens prepared in the same manner as the specimens used in the present study. The carbon contents of the present specimens were determined separately from those used previously and were marginally different from those for specimens prepared in the same way. The original ceramic materials had porosities > 30% with small fractions of their pores being filled with carbon deposits. However, despite carbon deposition, the porosities of the composite materials were only marginally lower than that of the original ceramic material. The presence of the carbon deposit induced an increase in the specific surface area of TiO 2C-C and of Al 2 O 3 A C by a factor of 2 and of ZrO 2G by a factor of 3 with respect to the original ceramic material. The specific surface area of Al 2 O 3 E C-C was lower than that of the original ceramic material. The fracture structures in the four materials are shown in Figure 3 . These specimens differed in their degrees of sintering. Thus, the degree of sintering was low in TiO 2C-C [ Figure 3(a) ] and carbon deposits were not visible despite the high carbon content of that material. It should be noted that the acicular shape of the deposits depicted in Figure 3 the shape of the deposits observed using the SEM technique was not easy and the present study has been focussed on a method of analysis of the spatial distribution of the deposits. The HP(A) coefficients of variation of the surface areas of influence zones obtained from an analysis of particular images are presented in Table 2 . The number of zones in one image was in the range 100-400. The average HP(A) obtained from an analysis of all images in a given specimen are summarized in Table 3 . All average HP(A) values fall in the range corresponding to a random distribution (Wejrzanowski et al. 2001) , except for the specimen TiO 2C-C where no deposits were observed. The specimen Al 2 O 3 E C-C with a relatively low degree of sintering had a more regular distribution of carbon deposits than the other two specimens. The HP(A) values were somewhat scattered in the series of images obtained for specimens ZrO 2G and Al 2 O 3 A C . Thus, the present method requires the analysis of many images to produce representative results. However, in the series of images obtained for the specimen Al 2 O 3 E C-C , the HP(A) values were much more consistent. Hence, as expected, a more regular distribution of carbon deposits produces more consistent HP(A) values in a series of images obtained for one specimen. The approach presented above can be used to classify models of heterogeneous surfaces, which is a favourite research topic of Professor Wladyslaw Karol Rudziński (Kosmulski et al. 2008 ). Although we have presented an analysis of relatively large objects, a similar analysis may be used for images at a molecular level obtained by suitable techniques. The distributions of surface sites are usually classified as random or patchwise. Patchwise distributions with small insulated heterogeneities (as carbon deposits in the present example) can be further classified by the HP(A) values of their influence zones as described above. Patchwise distribution involving large patches is already a kind of tesselation and the HP(A) values can be calculated using the surface areas of the patches themselves, rather than of their influence zones.
CONCLUSIONS
The analysis of SEM images of carbon deposits obtained via the pyrolysis of cyclohexene and of glucose in the pores of porous monoliths of alumina and of Y-modified zirconia indicated the presence of randomly distributed insulated islands, without clustering. This explains their relatively low electric conductance despite their high carbon contents. Apparently, the problem with the present specimens is not the amount of carbon they contained, but rather its distribution in the specimens. This problem seems to be common for all materials obtained by similar methods. Thus, the materials studied in the present work are not suitable for electrochemical applications. They may be useful as adsorbents since the presence of carbon deposits substantially enhanced the specific surface area of the original ceramic matrix.
